Introduction
Residential on-site wastewater treatment systems (OSWTS), where wastewater discharges to the subsurface, act an important means of domestic wastewater disposal in many parts of the world where reticulated sewerage proves unavailable. This includes concentrated occurrence in urban areas in developed and developing countries (Hatt et al., 2004; Viraraghavan, T., 1976) , and more diffuse occurrence in rural areas (Hoxley and Dudding, 1994; Withers, et al., 2011) In Ireland it is estimated that approximately one third of all private dwellings use these systems (CSO, 2012) , particularly in rural areas where they constitute the principle technology employed for sewage treatment and wastewater disposal.
OSWTS can be broadly divided into two categories, septic tank systems and secondary treatment systems (e.g. mechanical aeration systems, filter systems, constructed wetlands). In both cases treatment of effluent should ideally render it innocuous with no significant impact on groundwater quality (Jenssen and Siegrist, 1990; van Cuyk et al., 2001) . Processes operating in the vadose zone receiving OSWTS play a significant role in attenuating contaminants before they reach groundwater (van Cuyk et al. 2001 ). These include a variety of natural physical, chemical and biological processes, which remove microbiological and chemical pollutants (van Cuyk et al., 2001) .
The capacity of subsoil to appropriately receive and treat the wastewater, depends on its physical and geochemical properties of the receiving medium, including porosity, organic matter content, ion exchange capacity, unsaturated subsoil thickness separating effluent percolation areas from the water table, and permeability (Beal et al. 2005) . Physical properties and loading rates influence the residence time of wastewater percolating through the vadose zone. Since the permeability (K) of the soil varies with water content, wastewater flows more slowly through unsaturated subsoil, as described by the Richards Equation, thereby providing a greater opportunity for time-dependant chemical and biological processes to influence water quality. This, along with the availability of oxygen, enables decomposition and biodegradation of various contaminants (Canter and Knox, 1985) . Conversely, the absence of a sufficiently thick vadose zone can result in reduced effluent attenuation capacity, elevating risk of contaminant delivery to human and surface water receptors.
In the Republic of Ireland, groundwater is classified as having "extreme vulnerability" if bedrock is located within 3m of the surface (DELG/EPA/GSI 1999). It is estimated that 37% of land area of the Republic of Ireland falls within this category (Dr. Robert Meehan, Pers. comm), leaving groundwater at risk of contamination where OSWTS have been inappropriately sited in these areas.
As Bales et al. (1995) demonstrated, the wider impacts of OSWTS effluent on groundwater will depend on contaminant migration rates, which in turn are a function of the geological and hydrogeological properties of aquifers.
Although they are generally not considered to be important sources of water supply, poorly productive aquifers (PPAs) are believed to be important for baseflow and nutrient delivery to surface water receptors via shallower groundwater pathways, notably through relatively permeable transitional basal subsoil units and adjacent weathered bedrock (Moe et al. 2010) . In Ireland, PPAs immediately underlie over 65% of the total land area (Comte et al., 2012) . These often occur in extreme vulnerability settings. Despite their widespread occurrence, hydrogeological processes operating in PPAs, including contaminant transport and attenuation, remain poorly understood, largely as a consequence of a lack of studies arising from their perceived low productivity as groundwater supplies. However, promulgation of the EU Water Framework Directive requires member states to develop an integrated view of water resources and pressures threatening groundwater and surface water quality in catchments; this includes assessing the impacts of OSWTS on groundwater quality in PPAs (European Commission, 2000) .
Ordovician and Silurian lithified sandstone (greywacke) and shale units are considered as PPAs (Moe et al., 2010) . Despite their wide distribution across Europe (UK, Ireland, Scandinavia) (Mc Kerrow, 1981; Andersson, 1985) and Eastern North America (Sloss ,1963) and their local use as domestic water supplies, their role as units facilitating groundwater flow in the near surface remains poorly defined (Robbins, 2002) , Comparable shale and greywacke deposits occur widely elsewhere around the globe. The presence of pyrite, organic matter and carbonate, particularly in shales, can make these units susceptible to chemical weathering (Littke et al. 1991 ), while at the same time these substances, and associated chemical weathering by products, such as iron oxides, can influence contaminant fate and transport in groundwater systems (Tesoriero et al., 2000 , Ryan et al., 1999 .
The effects of chemical weathering are considerably less pronounced in more recently glaciated terrains, where physical weathering dominates (Summerfield, 1991) . The impact of these conditions on contaminant mobility in shale and greywacke groundwater systems in Northern Europe remains poorly characterised despite the presence of widespread pressures that may affect water quality.
Characterising hydrogeological processes operating in PPAs can prove challenging.
Geological conditions are often poorly defined compared to more productive aquifers, despite significant progress in this area in recent years (Nitsche 2014, Moe et al. 2010 , Comte et al., 2012 .
On the other hand an understanding of the configuration and distribution of hydrogeological properties in the subsurface forms the cornerstone of realistic conceptual model development. Studies on PPAs, completed to date, show that although they can have highly heterogeneous subsurface configurations, their geometry can be better constrained by geophysics (Comte et al. 2012 , Cassidy et al, 2014 . These configurations in turn can influence contaminant transport rates and, depending on conditions encountered along flow paths, also affect attenuation processes.
Geophysical methods have been used by a number of authors for detecting, characterising and monitoring contaminants derived from domestic and/or industrial waste storage/disposal facilities (landfills). Electrical and electromagnetic methods often prove useful for detection of ionic contaminants that increase pore fluid conductivity (thereby reducing the bulk resistivity). Applications of these techniques for detecting and monitoring contaminant plumes and for predicting future contaminant pathways have been described by many authors (e.g. Aristodemou and Thomas-Betts 2000; Buselli and Lu 2001; Martinho and Almeida 2006; Santos et al. 2006; Lee et al. 2006; Perozzi and Holliger 2008, Casado et al. 2015) . A number of authors have also demonstrated reasonable correlations between apparent electrical resistivity / conductivity (EC a ) and concentrations of various chemicals in groundwater, including those that may contain microbiological contaminants. For example, EC a has been correlated with concentrations of K + , Na + , Cl -, SO 4 2-, NH 4 + , and NO 3 in soils affected by animal manure wastes (Eigenberg et al., 1998; Martínez-Pagán et al. 2009; Ranjan and Karthigesu, 1995; Stevens et al., 1995) . By contrast, more limited research has been published on the use of geophysics for assessing contaminants resulting from wastewater treatment systems (e.g. Lee et al. 2006; Donohue et al. 2010 ).
By utilising a combined geophysical/hydrogeological approach, this study aimed to investigate the impact of OSWTS effluent on groundwater quality in a poorly productive shale and greywacke aquifer with a shallow water table. Selection of a subset of a suite of water quality parameters focusing on (a) a non-reactive chemical constituent (Chloride) and (b) microbiological parameters, whose concentrations depend on residence time in groundwater systems, provided a basis for refining a conceptual model of the physical hydrogeology of the system by integrating findings with water level, hydraulic conductivity and geophysical data.
Methodology

Site description
The Drumaliss Test Site is located within the Lough Muckno Catchment, Co. Monaghan, Ireland ( Figure 1 ). An abstraction point draws water from the lake to provide three towns with potable water.
Owing to community concern regarding the deterioration of the raw water quality, the Lough Muckno catchment has been the subject of an intensive water quality monitoring programme. 
Geophysical Investigation
Geophysical surveys of the Drumaliss Test Site aimed to (a) evaluate the capacity of Electrical Resistivity Tomography (ERT) for delineating the extent of OSWTS effluent-impacted groundwater, and (b) use ERT, in conjunction with seismic refraction, to characterise the geometry of subsurface deposits below the site to identify the location of possible contaminant pathways.
Surveys were completed at the start of July 2010 during a period of warm (~20Deg C) dry weather, when groundwater levels were lower than average levels measured in monitoring wells during previous monitoring in 2008-2009. Galvanically coupled ERT measurements were acquired along a number of transects around the site ( Figure 2 ) using two different resistivity meters, a Campus Tigre (Allied Associates, Dunstable, UK) and a SyscalPro (Iris Instruments, Orléans, France).
The SyscalPro was used for acquiring short, high resolution profiles in the vicinity of the OSWTS (electrode spacing ≤ 1m), whereas the Tigre was used for all other profiles. All ERT profiles acquired are listed on Table 1 , along with the relevant data acquisition parameters. Electrodes were spatially referenced using a Trimble PRO-XR dGPS. Background resistivity was measured along Profile R11, which was located up-gradient of the OSWTS to evaluate the impact of effluent on ERT responses ( Figure 2 ). Inversion of all of the apparent resistivity data was carried out with the software Res2Dinv (Loke 2004) using the L 1 norm inversion optimisation method. Due to the large contrast in subsurface resistivity present at the site, the quasi-Newton least squares method (Loke and Barker 1996) was not deemed appropriate. Instead the Gauss-Newton method (Sasaki, 1989 ; deGroot-Hedlin and Constable 1990) was selected for the first 3 iterations, after which the quasi-Newton method was used. In many cases, this provides the best compromise between computational time and accuracy even at sites with large resistivity contrasts (Loke and Dahlin 2002) . For this study the majority of inversions performed converged to a normalised root-mean-squared (RMS) error of less than 6 % within 5 or 6 iterations.
Seismic refraction data were recorded using a Geometrics Geode seismograph. A 10 kg sledgehammer was used to generate the seismic waves which were in turn detected by 10 Hz vertical geophones. Acquisition parameters are reported in Table 2 . The majority of profiles were acquired using 24 geophones at a spacing of 2m, although this was altered on a number of occasions to take into account site specific limitations. In general for seismic refraction testing, shots (hammer blows)
were recorded at every sixth geophone, with offshots recorded off each end of the profile. As with the ERT data, geophones were spatially referenced using a Trimble PRO-XR dGPS. In most cases, clear and unambiguous first arrivals were observed on the acquired profiles. The refraction data were interpreted using GREMIX, which incorporates the slope-intercept method, parts of the Plus-Minus Method of Hagedoorn (1959) , Time-Delay Method (see Wyrobek 1956) , and features the Generalized Reciprocal Method (GRM) of Palmer (1980) .
Hydrology and Hydrogeology
The Drumaliss Test Site experiences a cool humid climate. Annual effective rainfall in the area is reported at approximately 640mm/year, of which up to 100mm becomes groundwater recharge by direct infiltration (Geological Survey of Ireland 2014). Prior to initiation of investigations at the site, no groundwater level data were available for the area. However, analogies with other investigations completed by Moe et al, (2010) in comparable poorly productive units suggested that groundwater levels reflected a subdued version of topography, with groundwater flowing discharging predominantly to the nearest downslope surface water body via an interval between the bedrock and overburden. Hydraulic conductivity values in this interval typically exceed those of the enveloping units, but are also prone to display higher levels of heterogeneity (Moe et al. 2010 ).
Due to logistical constraints on monitoring well locations, five 1.5" (32mm) internal diameter HDPE piezometers with 1m or 2m long slotted screened intervals at their base were installed in a line adjacent to a field boundary, extending from immediately down-slope of the OSWTS percolation area for approximately 120m to close to the northern bank of the adjacent stream at the south-eastern end of the site A further monitoring well, installed outside the anticipated area of the OSWTS plume, aimed to permit determination of background concentrations of target contaminants. The monitoring wells permitted routine water quality and groundwater level monitoring. Ground clearance of fencing and light structures prior to building works in the field immediately to the south of the percolation permitted the temporary installation of a further three plastic piezometers and five stainless steel drive points, all with 1m long screened intervals at their base, immediately prior to construction, and shortly after the completion of geophysical surveys in July 2010. These points provided improved characterisation of hydraulic gradient across the site, following stabilisation of groundwater levels.
Routine (approximately fortnightly) manual static water level readings, collected immediately prior to water quality sampling/monitoring, provided an indication of the range of groundwater level fluctuation encountered in both space and time across the site. Measurements completed in July 2010, were levels in all piezometers were noted, were carried out during a warm (~20Deg C) period with no rainfall measured at the nearby meteorological station (Ballyhaise, Co. Monaghan) during the preceding five days. Rising head tests aimed to quantify the hydraulic conductivity of the deposits underlying the site. Test data, collected from five of the six permanent piezometers were analysed by the Bower and Rice (1976) method to account for partial penetration of screened wells in unconfined aquifers (Butler et al. 1996; Fetter 2001 
Water Quality
Where a sufficiently deep column of water was present, in-situ specific electrical conductance ( 
Results
Interpretation of Geophysical Data
Six of the two-dimensional inverted ERT profiles were combined into a quasi-three-dimensional fence diagram in Figure 3 , in order to reflect the 3D distribution of resistivity below the site. Four inverted high resolution ERT profiles located close to the treatment system are presented separately in Figure   4 for clarity. Interpreted seismic refraction layered models for profiles S2, S3, S4 and S5 are overlain on the relevant 2D ERT profiles in Figures 4 and 5 for comparison and joint interpretation.
The profiles suggest that the effluent plume originating from the OSWTS occurs as a zone of lower resistivity relative to the surrounding material in the vicinity of the percolation area (Figure 3 and 
Hydrogeology
Water level monitoring data, summarised in Table 3 indicates that groundwater occurs near the ground surface close to the OSWTS but declines moving down-gradient to the Southeast; levels in the closest of these piezometers, D4 were above the base of the percolation area (50cm below ground surface)The depth to groundwater and the range of groundwater fluctuation increase to the southeast, where water level monitoring indicates groundwater to occur between 1.8mBGS and 2.65mBGS, while water levels in piezometer D9, closest to the river, range between 0.42mBGS and 0.68mBGS. Compilation of water level data from monitoring wells, in conjunction with those observed in temporary piezometers has permitted generation of a piezometric surface map (for July 2010) for the site (Figure 6 ) and indicates that groundwater flows from the percolation area to the south east along the line of permanent monitoring wells with a relatively uniform gradient of approximately 5%.
A T-value of 38min/25cm (n=2) was measured in the trial pit, which would typically indicate reasonable subsoil percolation capacity and suggest that the site is suitable to receive OSWTS effluent. Overall contaminants displayed a trend where concentrations declined with distance from the percolation area. However, the pattern proved irregular. Concentrations in groundwater samples collected from monitoring wells D7 and D9 were always higher than piezometers immediately upgradient to the northwest, at D6 and D8 (Table 3 and Figure 6) (Figure 7) . By contrast associated those immediately up-gradient (with lower concentrations) have screened intervals set higher above the contact and fail to intersect the more contaminated part of the plume (i.e. D6, D8).
Water Quality
Discussion
The elevated contaminant concentrations encountered in groundwater samples collected from the contact between the weathered shale and competent bedrock units suggest that OSWTS effluent has descended through the weathered shale and migrates preferentially at depth. The absence of monitoring points in the underlying competent rock prevents characterisation of contaminant migration at greater depth. However, seismic and geoelectrical data suggest that the competent rock is relatively tight and unweathered; this would imply it has a lower hydraulic conductivity that leads to contaminant migration occurring predominantly at the base of the more permeable overlying unit.
Overall reductions of contaminant concentrations with distance from the percolation area arise in part due to dilution, as reflected by reduced Cl in water samples collected in piezometers down gradient of D4 (located beside the percolation area). However, after accounting for background concentrations of approximately 12mg/l, determined from lowest concentration quartile values at piezometers D4, D6 and D8 and comparison with rainfall content, the degree of dilution appears low.
Monitoring well data suggest that effluent flowing between the most highly contaminated monitoring point, immediately down gradient of the infiltration area (D4), and the most distal monitoring point (D9) has experienced dilution with uncontaminated groundwater by a factor of around three. By contrast median total coliforms data indicate that they have experienced attenuation by a factor of more than 25. The disproportionate reduction in levels of microbiological contaminants points to additional reactions that give rise to supplemental attenuation, such as filtration and microbiological inactivation (Foppen and Schijven, 2006) . These reactions add a further degree of protection against the impacts of effluent on water supplies destined for human consumption. However, sporadic detection of elevated concentrations of E.coli, encountered in over 25% of samples collected from D9, yet absent in groundwater collected from background wells, indicates that effluent can influence the microbiological quality of the site's groundwater even at relatively prolonged distances (100m+).
The occurrence of FIOs in monitoring wells over 100m from the percolation area, in conjunction with elevated chloride concentrations (see Table 4 ), suggests that a portion of the effluent discharging to groundwater can reach monitoring wells in relatively short periods of time, while experiencing limited dilution with unimpacted water. These findings appear to conflict with relatively low hydraulic conductivity values measured at the site (Geometric mean =8.75x10 
Conclusions
Effective treatment of effluent generated by on-site wastewater treatment systems (OSWTS) is essential for the protection of groundwater and surface water quality. This combined geophysical/hydrogeological investigation, carried out to assess of the impact of e an OSWTS located over a thin layer of glacial till subsoil resting on a poorly productive greywacke/shale bedrock aquifer, has demonstrated that microbiologically contaminated effluent has the capacity to cause gross contamination of groundwater in the immediate vicinity of the percolation area. At the Drumaliss Test Site this occurred in a hydrogeological setting where the role of attenuation in the vadose zone proved negligible. The multidisciplinary approach adopted in this study provided a means for investigating impacts of OSWTS effluent to groundwater both close to the percolation and at distance. Note: High resolution ERT profiles close to the treatment system are illustrated separately in Figure 4 for clarity. The contaminant migration trajectory illustrates the path followed by the contaminant plume. Wells not intersecting this line will contain OSWTS-derived contaminants, but at lower levels than they would have had they intersected the line.
